Abstract. The electronic and geometric structure of rare gas clusters doped with rare-gas atoms Rg = Xe, Kr or Ar is investigated with fluorescence excitation spectroscopy in the VUV spectral range. Several absorption bands are observed in the region of the first electronic excitations of the impurity atoms, which are related to the lowest spin-orbit split atomic 3 P1 and 1 P1 states. Due to influence of surrounding atoms of the cluster, the atomic lines are shifted to the blue and broadened ("electronical cage effect"). From the known interaction potentials and the measured spectral shifts the coordination of the impurity atom in ArN , KrN , NeN and HeN could be studied in great detail. In the interior of KrN and ArN the Xe atoms are located in substitutional sites with 12 nearest neighbours and internuclear distances comparable to that of the host matrix. In NeN and HeN the cluster atoms (18 and 22, respectively) arrange themselves around the Xe impurity with a bondlength comparable to that of the heteronuclear dimer. The results confirm that He clusters are liquid while Ne clusters are solid for N ≥ 300. Smaller Ne clusters exhibit a liquid like behaviour. When doping is strong, small Rgm-clusters (Rg = Xe, Kr, Ar, m ≤ 10 2 ) are formed in the interior sites of the host cluster made of Ne or He. Specific electronically excited states, assigned to interface excitons are observed. Their absorption bands appear and shift towards lower energy when the cluster size m increases, according to the Frenkel exciton model. The characteristic bulk excitons appear in the spectra, only when the cluster radius exceeds the penetration depth of the interface exciton, which can be considerably larger than that in free Rgm clusters. This effect is sensitive to electron affinities of the guest and the host cluster. 
Introduction
In the last decade doped rare gas clusters have been used to study the properties of the clusters themselves and of the interaction between the clusters and embedded atoms and molecules [1, 2] . In the course of the work it turned out that doping of clusters could be a very efficient tool in order to get information on the structure and solvation [3] , the phase [4, 5] and of the temperature [6] of clusters. Optical spectroscopy allows the exploration of both specific and smooth structural changes, electronic and dynamic cluster size effects. Spectroscopic studies of excited a e-mail: thomas.moeller@physik.tu-berlin.de b e-mail: kanaev@limhp.univ-paris13.fr state energetics, homogeneous and inhomogeneous line broadening of doped clusters have revealed microscopic solvation, isomer structures, rigid and non-rigid configurations and isomerization dynamics. Furthermore, rare gas clusters are very useful model systems for detailed studies related to surface effects. They allow the investigation of interfaces with a shell-like geometric structure. In fact, clusters with four shells of atoms comprising about 500 atoms exhibit almost 50% of the atoms at the surface.
Electronic excitations in doped rare gas clusters fall into two main categories. A wealth of information has been obtained regarding intravalence excitations of molecules embedded in rare gas clusters. In this case the rare gas atoms give only rise to a weak perturbation of the excitations because the charge distribution is only slightly perturbed. As a result, the width of the absorption bands is small. In contrast, extravalence excitations considerably change the charge distribution and hence the impact on the transition energy and the absorption lineshape is large. Therefore, the energetics of the lowest extravalence states is expected to be extremely sensitive to the local environment of the guest atom, molecule, or cluster. Recently, Feifel et al. [7] have shown gradual changes of the inner valence levels in raregas clusters, from localized in Ar over the intermediate case in Kr to a delocalised in Xe. XeAr N clusters have been recognized as a prototype system for the study of extravalence excitations in doped clusters. The energetics and excited state dynamics of XeAr N clusters (N up to 55) was calculated several years ago [8] . Inspired by this theoretical work an experimental study was undertaken, which revealed a strong size and site dependence of the absorption bands of Xe doped Ar N clusters [9] . It turned out that the absorption bands of Xe atoms are strongly blue-shifted with respect to the lines of the free atom. Moreover, the strength of the blue shift strongly depends on the position to the Xe atom inside the argon cluster. In the related study highly excited extravalence states of Xe doped Ar N clusters have been investigated [10] .
Numerous cluster studies have shown that excitonic absorption bands in free clusters split into electronically excited bulk and surface states [11] [12] [13] [14] [15] [16] . In small free clusters composed of less then one shell around the central atom only surface excitons 1s and 1s are observed in absorption. Bulk excitons appear, when the second shell of atoms is formed. The surface excitons can be classified as belonging to the tightly bound Frenkel type [17] . They have a very small penetration depth into the cluster, typically δ 1s ≈ 0.8Å [18] and are therefore restricted to the surface atomic layer. Bulk excitons are delocalised within the rest of the cluster volume. The extension of the experimental method [17, 19] allows the growth and spectroscopic analysis of small guest rare-gas Rg(2) m clusters inside large host rare-gas clusters Rg(1) N . The embedded clusters acquire the temperature of the surrounding atoms, which can vary from 79 K (Xe) [20] down 0.4 K (He) [21] . Moreover, sizes of both guest and host cluster can be controlled. This gives a possibility of considering the electronic properties evolution from that of a single solvated atom to an embedded cluster inside the host cluster. Following both effects of the size m and N could monitor build up of the electronic and geometric structures of the cluster.
The present work is an extension of our previous studies of rare gas clusters made of Rg(1) = Kr, Ar, Ne and He atoms and doped with rare gas atoms Rg(2) = Xe, Kr or Ar. Changing the doping conditions single embedded atom Rg(2) as well as small embedded clusters Rg(2) m are considered. The study focuses on the first extra valence excitation in the doped clusters. Fluorescence excitation spectroscopy with synchrotron radiation (SR) was used for monitoring the impurity absorption. Substantial differences in the excitonic spectra were observed for different pairs of rare-gases Rg(1) N − Rg(2) m .
In case of the isolated atom (m = 1), strong N -size and site effects manifest themselves, which depend on the rigidity of the host material. He is a special case since the clusters are fluid. In order to get deeper insight into experimental results some simple molecular dynamics simulations were performed. In particular, coordination number and the local structure around the impurity atom are derived this way. Furthermore, internuclear separation between this atom and the neighbouring atoms of the cluster could be obtained. In case of the embedded cluster (m > 1), new interface excitons appear. Their spectral lineshape changes with their size m according to the Frenkel exciton model. We show that the interface exciton can penetrate into the guest cluster volume on a substantial length of several interatomic distances. This size effect depends on both electronic affinities of the host and the guest materials.
The paper is organized in the following way. The experimental method is described in next section. In the section Results we firstly discuss the case of a single embedded Xe, Kr or Ar atom inside Kr, Ar, Ne and He clusters. The case of the small embedded Xe, Kr or Ar clusters inside large Ne and He host clusters is presented afterwards. In the conclusion we resume the main results of these studies.
Experimental
The measurements were performed at the experimental setup CLULU at the beamline SUPERLUMI [22] at the Hamburger Synchrotronstrahlungslabor HASYLAB. A detailed description of the experimental setup is given in [23] . Doped clusters are prepared either in a nozzle expansion of a gas mixture or by a pick-up technique were the cluster beam is crossed with an atomic beam. Conical nozzles with the following diameters and opening angles (2θ) were used in the coexpansion experiments: 0.1 mm 30
• , 0.2 mm 30 • and 0.3 mm 16
• . For a given nozzle and gas the cluster size depends on the stagnation pressures p 0 and the nozzle temperatures T 0 . A scaling law has been proposed by Hagena and Obert [24] and Hagena [25] , which is valid for all monoatomic supersonic nozzle expansions. In order to compare cluster beams a parameter Γ * is introduced which characterizes the degree of condensation in the beam and the mean cluster size. Γ * can be calculated by following equation (1a):
